1. Introduction {#sec1-viruses-11-00647}
===============

Ebola virus disease (EVD) is an ongoing public health issue with a current outbreak in the Democratic Republic of the Congo causing concern. The largest outbreak of EVD to date occurred in West Africa between 2013 and 2016 resulting in over 11,000 deaths \[[@B1-viruses-11-00647]\]. Due to the size of that outbreak and the international response, much knowledge was gained on the diagnostics, transmission, and clinical presentation of EVD in humans and there were also multiple efforts to trial medical interventions. Increased understanding of the pathology of EVD in humans can lead to improved options for therapy or patient management to improve patient outcome. Despite the wealth of knowledge gathered, there remains less information on the coagulopathy in humans infected with Ebola virus. Haemostatic monitoring was a low priority for laboratories that handled samples from Ebola virus-infected patients, although the CDC did state that laboratories handling suspected cases of EVD should be able to test the prothrombin time (PT) as one of a battery of tests to aid in the determination of EVD \[[@B2-viruses-11-00647]\]. Data from haemostatic tests are not reported in several papers describing clinical presentation of EVD in Sierra Leone \[[@B3-viruses-11-00647],[@B4-viruses-11-00647]\], showing the paucity of information about this particular clinical aspect of EVD.

EVD begins with an influenza-like syndrome characterised by fever, malaise, and joint pains following an incubation period of 3--21 days. The early descriptions of EVD mentioned that mild haemorrhage may present as a maculopapular rash and/or petechiae or bleeding from mucous membranes as well as oozing from venepuncture sites \[[@B5-viruses-11-00647],[@B6-viruses-11-00647],[@B7-viruses-11-00647]\]. Although the most common signs of Ebola virus disease during the West Africa outbreak were fever, headache, diarrhoea, and vomiting, fatigue, weakness and dizziness which are not associated with coagulopathy, haemorrhage of some kind was a common complication \[[@B3-viruses-11-00647],[@B8-viruses-11-00647]\].

The aim of this study was to characterise the basic coagulation changes in a group of people infected with Ebola virus during the West Africa Ebola virus outbreak. Four key haemostatic parameters were measured---Prothrombin Time (PT), Activated Partial Thromboplastin Time (APTT) and fibrinogen and D-dimer levels. As the blood collected in Sierra Leone was not centrifuged to obtain plasma (due to safety reasons), we also collected blood from healthy donors in the UK to control for sample processing and to compare collection methods and determine if centrifugation affected PT, APTT, D-dimer or fibrinogen results.

2. Materials and Methods {#sec2-viruses-11-00647}
========================

2.1. Patients {#sec2dot1-viruses-11-00647}
-------------

Adult patients with PCR-confirmed Ebola virus infection were enrolled at the Kerry Town Ebola Treatment Facility in Sierra Leone between February--June 2015 after a research proposal was written, reviewed and given a favourable opinion by Ministry of Defence Research Ethics Committee (MoDREC number 633/MODREC/15). Children under the age of 18, pregnant women, prisoners, patients not undergoing routine blood sampling and patients with malaria were excluded from selection. Blood was only taken from patients who were already having blood drawn for diagnostics; additional blood sampling for the sole purpose of this study was not performed to minimize the risk from additional venepuncture. Patient information sheets were provided to all patients and were available in English, Krio, and Mende. Consent was obtained from patients themselves (if they scored 15/15 on the Glasgow Coma Scale, i.e., eyes open spontaneously, normal verbal and motor responses) or their next of kin or a medical worker as a final option, and in the presence of a witness. The original application for MoDREC approval was for up to 50 patients.

2.2. Blood Sampling and Processing {#sec2dot2-viruses-11-00647}
----------------------------------

After routine blood sampling (typically into EDTA tubes), a further 9 mL of whole blood was drawn from participating patients into two 4.5 mL sodium citrate (1.02 M) vacutainer tubes (Becton Dickinson/BD, Wokingham UK). Following a minimum of 3 h storage at 4 °C with samples upright allowing blood to separate naturally without centrifugation (due to the high risk of aerosolisation), 500 µL aliquots of plasma were collected and stored at −20 °C in Sierra Leone. Samples were sent to Dstl, Porton Down, UK for storage at −80 °C prior to analysis.

In addition to the plasma samples collected for this study, upon admission and at various days post-admission, blood chemistries, complete blood cell counts and other blood components were assayed in the onsite laboratory using the Piccolo Express system (Abaxis, CA, USA), Horiba ABX Micros ES60 analyser (Horiba, Montpellier, France) and Hemochron Signature Elite (Accriva Diagnostics, CA, USA). A spreadsheet table of results from this testing was provided. Reverse-transcriptase-PCR (RT-PCR) assays for diagnosis of Ebola virus disease were done with the Altona RealStar Filovirus RT-PCR Kit (Altona, Hamburg, Germany). This PCR targets a conserved region in the L gene.

For establishing a 'normal' range for comparison of collection methods, anonymized healthy human donor samples at Dstl Porton Down, UK were collected from adult volunteers (aged 18 and above) under the 2004 Human Tissue Act. Samples were collected as in Sierra Leone and described above or were centrifuged for 15 min at room temperature at 2000 rpm in the AccuSpin 1 centrifuge (Fisher Scientific, Loughborough, UK) as per normal practice in the UK. Samples were stored at −80 °C prior to analysis. Some donors had plasma collected by centrifugation only, some by separation only, and a subset by both methods when the volume of blood to be taken was increased.

2.3. Plasma Analysis {#sec2dot3-viruses-11-00647}
--------------------

Each sample was analysed for PT, APTT, and Clauss fibrinogen and D-dimer levels. Analysis of samples was performed on the CA-660 automated coagulation analyser (Sysmex, Milton Keynes, UK) held within a rigid half-suit isolator housed in a Containment Level 4 laboratory at Dstl Porton Down. All reagents were produced by DADE/SIEMENS (Marburg, Germany) and used as per manufacturer's guidelines. Samples were tested in duplicate.

2.4. Statistical Analysis {#sec2dot4-viruses-11-00647}
-------------------------

Collection methods of healthy human plasma from UK donors were compared using an unpaired *t*-test (GraphPad Prism V6). Mean and standard deviation for the un-centrifuged data set was determined. The mean and 3× standard deviation were then used to create a point below which \>99% of normally distributed data was expected to fall. Due to the small number of patients enrolled in Sierra Leone and the variation in days of sampling and unknown day of infection, traditional statistical analysis on the data from the Ebola virus-infected patients was not appropriate and results are better shown graphically as a visual comparison between the EVD patients and the range seen in uninfected individuals.

3. Results {#sec3-viruses-11-00647}
==========

3.1. Effect of Centrifugation on Test Results {#sec3dot1-viruses-11-00647}
---------------------------------------------

Sample collection methods were compared using naïve human plasma collected from healthy UK volunteers either with or without centrifugation ([Table 1](#viruses-11-00647-t001){ref-type="table"} and [Figure 1](#viruses-11-00647-f001){ref-type="fig"}). Data appeared normally distributed. For the PT, APTT, and fibrinogen tests the mean, median and range of values from non-centrifuged samples was similar to the values for centrifuged samples. The mean and median values and range were also similar to the Laboratory Reference Values available online or in \[[@B9-viruses-11-00647]\] which reports a PT range of 11.1--13.1 s and the Fibrinogen range of 1.5--4.0 g/L \[[@B9-viruses-11-00647]\] (no reference value for APTT given in \[[@B9-viruses-11-00647]\] but various online sources gives a range of 25--40 s. D-dimer values showed the most variation with collection method ([Figure 1](#viruses-11-00647-f001){ref-type="fig"} and [Table 1](#viruses-11-00647-t001){ref-type="table"}). Un-centrifuged samples gave a wider range of values and an approximately three times higher median and mean than the centrifuged samples. The reference values for adults for D-dimers is \< 0.5 mg/L \[[@B9-viruses-11-00647]\]. An unpaired t-test showed there was no significant difference in test results for PT, APTT, and fibrinogen when collection methods were compared but the collection method did cause a significant difference for D-dimer test results (*p* \< 0.0001). The non-centrifuged values were used to create a 'normal' range for comparison with the Ebola virus-infected plasma samples which were collected without centrifugation. For normally distributed data, 99.7% of data falls within 3 standard deviations of the mean.

3.2. Changes in Haemostatic Parameters in Patients Infected with Ebola Virus {#sec3dot2-viruses-11-00647}
----------------------------------------------------------------------------

Samples from five people infected with Ebola virus were acquired at Kerry Town, Sierra Leone ([Table 2](#viruses-11-00647-t002){ref-type="table"}) over a 5-month period. The data set included 3 males and 2 females, 3 Sierra Leoneans, one person from the United States and one person from Western Europe (data kept vague to preserve anonymity). PT, APTT, fibrinogen, and D-dimer testing was performed on available time-points ([Figure 2](#viruses-11-00647-f002){ref-type="fig"}). As patients were admitted at different times post-infection, sampling time was measured in days after reported onset of symptoms.

Patient 1, the only patient in this study that succumbed to infection, was admitted with developed EVD as indicated by the low Ebola virus PCR Cycle threshold (Ct) value at admission (18.3) suggesting a high viral titre in the blood. (The Ebola virus PCR Ct value is an indicator of prognosis---see \[[@B10-viruses-11-00647]\]). Patient 1 had comorbidities and some blood management was tried ([Table 2](#viruses-11-00647-t002){ref-type="table"}) which may have affected results. Patient 1's PT and APTT times were prolonged at around double the mean clotting time obtained in UK donors. For Patient 1, fibrinogen was low and outside the normal range and D-dimer levels were increased on all days ([Figure 2](#viruses-11-00647-f002){ref-type="fig"}). Patient 2 likely presented with less severe EVD as suggested by the higher Ct value of 32.4 at admission. For Patient 2, PT and APTT were prolonged but fibrinogen levels were within the range seen in healthy UK donors. Over time, PT and APTT results returned to normal values seen in non-infected un-centrifuged samples. D-dimer values of Patient 2 were within the range seen in non-infected people ([Figure 2](#viruses-11-00647-f002){ref-type="fig"}). Patients 3 and 4 had samples taken early after symptom onset. Patients 3 and 4 had prolonged PT and APTT, but the values decreased on the second day. Patient 3 had reduced fibrinogen and increased D-dimer amounts which improved on day 2. Patient 4 had fibrinogen levels within, and D-dimer levels just above, the range seen in non-infected individuals ([Figure 2](#viruses-11-00647-f002){ref-type="fig"}). Patient 5 initially had prolonged PT and APTT, reduced fibrinogen and increased D-dimer values. APTT remained elevated throughout and D-dimer levels were high initially and then dropped to near the normal range ([Figure 2](#viruses-11-00647-f002){ref-type="fig"}).

4. Discussion {#sec4-viruses-11-00647}
=============

The purpose of this study was to look at haemostatic changes in EVD patients where currently there is little information available from human cases. Ethical approval was obtained to collect additional blood from EVD patients to obtain plasma to use in this study. By the time ethical approval was in place (February 2015), the number of EVD cases admitted to Kerry Town Ebola Treatment Centre was low. The ethical approval was for up to 50 patients, but in 5 months only 5 patients were enrolled and there were two months where no patients were enrolled. The Kerry Town laboratory was decommissioned in November 2015 after 13 months in operation. From the five patients enrolled in the study we were able to observe that, in general, EVD patients had longer clotting times and higher D-dimer values than plasma processed in the same manner collected from healthy volunteers. In addition, EVD patients had lower or normal fibrinogen levels. The results of high clotting times and D-dimer values indicate consumption of clotting factors and an increased breakdown of clots.

The low numbers of patients in this study make it difficult to draw strong conclusions however, for patients that recovered from Ebola virus infection, plasma analysis showed haemostatic parameters were returning towards normal over time (within 2--3 days) whereas for the one patient who succumbed, all parameters stayed high (or low for fibrinogen). Measurement of these clotting factors may, therefore, be another prognostic marker for survival, but a larger data set would be needed to confirm this.

Many factors can influence coagulation results \[[@B11-viruses-11-00647]\] such as storage duration and temperature \[[@B12-viruses-11-00647],[@B13-viruses-11-00647]\] and centrifugation parameters \[[@B14-viruses-11-00647]\] but centrifugation is typically performed. For safety reasons, blood was not centrifuged in Sierra Leone. To determine whether this had an effect on results, blood from healthy donors was collected by both centrifugation (standard) and non-centrifugation. Ideally, blood would have been collected from healthy individuals in Sierra Leone to obtain values from a genetically similar background to the majority of the EVD samples, but this was not practically possible, and donations were from people living in the UK. There was no significant difference for the PT, APTT and fibrinogen results from the two collection methods. There was a significant difference in D-dimer values between the two collection methods possibly due to the extended time that blood had to separate. The effect of long-term storage will also be investigated using separate aliquots of naïve samples tested over a period of years.

Despite differences in sample collection and the small number of patients available for testing, the results we generated do show observable differences in coagulation in humans with EVD compared to the normal range of values from uninfected individuals. For PT and APTT all values from EVD patients over time were outside the range seen in un-centrifuged non-infected people. For D-dimers, four of the five EVD patients had values higher than the normal range (much higher in three of those patients). Fibrinogen testing showed the least change in patients with EVD compared to the non-infected donors with plasma collected in the same manner. Only two EVD patients had values below the normal range. The difference in EVD patients may be due to the presence of Ebola virus, or could be an indication of non-specific infection, sepsis or multi-organ failure. The other parameters measured during hospitalization for Patient 1 suggested liver and kidney damage (e.g., elevated liver enzymes and urea) and an inflammatory response (elevated CRP) which may not have been solely due to EVD (data not shown). Race has been shown to influence fibrinogen \[[@B15-viruses-11-00647]\] and D-dimer levels \[[@B16-viruses-11-00647]\] and our patient data set was made up of 3 black people and 2 white people. Fibrinogen levels are reported to be generally lower in black people (by up to 0.3 g/L \[[@B15-viruses-11-00647]\]) but there were minimal differences in fibrinogen levels in patients with EVD anyway. D-dimer levels are slightly higher in black people but in healthy individuals, they are still below 6 mg/L \[[@B16-viruses-11-00647]\] whereas in four of the five EVD patients, D-dimer values were \>5 mg/L on at least one day of testing.

Haemostatic changes of prolonged clotting times, low fibrinogen and high D-dimers observed during EVD match the criteria for disseminated intravascular coagulation (DIC) \[[@B17-viruses-11-00647]\], sepsis or organ failure. DIC has been observed in other haemorrhagic fever diseases \[[@B18-viruses-11-00647]\]. Liver disease can present like DIC \[[@B17-viruses-11-00647]\] and there is evidence of liver failure during EVD in humans and experimental animals. The array of clinical signs and pathologies that have been reported in humans and experimental animals infected with Ebola virus results in a complex presentation involving many factors and different pathways which ultimately may affect the disease outcome. This makes management or treatment best done on a case-by-case basis with active interventions as early as possible. Management strategies for DIC are based on blood component therapy (not whole blood transfusions) and could include replacement of platelets and coagulation factors, in fresh frozen plasma (FFP), and fibrinogen, in cryoprecipitate, to control severe bleeding \[[@B17-viruses-11-00647],[@B19-viruses-11-00647]\]. Sepsis and organ failure are complex to treat and there is no one solution for these conditions; the many different cascades and pathways involved have to try to be corrected.

There is limited existing data from humans in this area. D-dimer levels were shown to be elevated in patients infected with the related species of Sudan virus, particularly in those that succumbed to infection \[[@B20-viruses-11-00647]\]. For Sudan virus, D-dimer levels in fatal cases were all greater than 50,000 ng/mL (sometimes greater than 150,000 ng/mL) whilst in survivors, numbers were still elevated over the normal value of 400 ng/mL but were generally less than 50,000 ng/mL \[[@B20-viruses-11-00647]\]. The values in our study were mostly over 5 mg/L (5000 ng/mL). Observations during the original 1976 Ebola virus outbreak included elevated PTT levels and presence of fibrin-degradation products \[[@B21-viruses-11-00647]\]. An EVD patient treated in South Africa in 1996 had "abnormalities in activated partial thromboplastin time, D-dimers, and fibrinogen degradation products" but no actual values are given \[[@B22-viruses-11-00647]\]. During the West Africa outbreak, haemostatic measurements were taken from some patients medically evacuated from West Africa. Elevated PT, APTT, and D-dimer were measured in patients after transportation to the US \[[@B23-viruses-11-00647]\] or UK \[[@B24-viruses-11-00647]\]. These studies recorded elevated PT values of \>16 s, APTT values of \>60 s and D-dimer levels of \>1200 ng/mL during the early days of illness before normalizing. Similar elevations were seen in our data. A study of APTT values in Sierra Leonean patients reported elevation in all cases (mean = 68.4 s), but greater elevation in fatal cases (mean = 84.9 s) compared to survivors (mean = 49.6 s) \[[@B25-viruses-11-00647]\] leading to the hypothesis that coagulation parameters "may have value as a potential prognostic indicator of disease severity" in patients with EVD \[[@B23-viruses-11-00647]\]. Our data indicated a similar prognostic possibility. The mean APTT value from all samples from the 5 EVD patients in this study was 51 s with a range of 37--71 s over time. Haemostatic parameters measured in this study were not part of some of the larger studies of clinical features in EVD patients carried out in Sierra Leone \[[@B3-viruses-11-00647],[@B4-viruses-11-00647]\].

Results in this study are also consistent with observations made in animal models of Ebola virus infection. PT and APTT clotting times and D-dimer levels have been observed to increase as animals succumb to infection with Ebola virus \[[@B26-viruses-11-00647],[@B27-viruses-11-00647],[@B28-viruses-11-00647],[@B29-viruses-11-00647],[@B30-viruses-11-00647]\]. As non-human primates and humans show similar haemostatic changes this helps validate animal models as suitable disease models for human infection and means any treatment options targeting haemostasis could be tested in these models. Two studies have already looked at treating coagulation deficiencies during EVD. Recombinant human activated protein C (rhAPC) has been shown to improve survival in sepsis, which is multi-organ dysfunction often caused by microbial infection and has been tested against EVD in rhesus macaques \[[@B31-viruses-11-00647]\]. The rhAPC treated animals showed an increased time to death compared to control animals and 2 of 11 animals survived \[[@B31-viruses-11-00647]\]. Recombinant nematode anticoagulant protein c2 (rNAPc2), which is an inhibitor of tissue factor-initiated blood coagulation has also been tested against EVD in non-human primates with similar results of low-level survival and prolonged time to death \[[@B32-viruses-11-00647]\]. As mentioned above, patients with EVD may develop DIC, organ failure, sepsis or other complications so treatment is complex. In recent years studies providing intensive care levels of supportive care to non-human primates infected with Ebola virus, including fluid and electrolyte management for virus induced sepsis have been attempted \[[@B33-viruses-11-00647]\] and Maj AP. Cardile, personal communication as we continue to try and find ways to manage this complex disease.

This work increases understanding of the underlying pathology of the coagulation system in EVD patients. Further information should be gathered in the future if human samples become available. We have also shown that the process of centrifugation to obtain plasma affects D-dimer test results but does not affect results for PT, APTT, and fibrinogen which is useful information for scenarios where centrifugation is not safe or possible.

The authors would like to thank Paul Russell and Paul Rice for guidance and advice. The authors would also like to acknowledge all the staff and patients at the Kerry Town Ebola Treatment Facility who participated in this study.

Conceptualization, T.W., B.J.H., S.W. and E.K.; methodology, S.J.S., L.M.O., L.E., K.P.; validation, S.J.S., L.M.O., L.E. and K.P.; formal analysis, S.J.S., L.M.O. and L.E.; investigation, S.J.S., L.M.O. and L.E.; resources, M.L.; data curation, S.J.S. and T.F.; writing---original draft preparation, S.J.S.; writing---review and editing, all authors.; supervision, M.L., B.J.H. and E.K.; funding acquisition and ethical approvals, T.W., M.L., B.J.H., S.W. and E.K.

This work was funded by the UK Ministry of Defence.

The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

![Effect of collection method on four haemostatic parameters. Naïve blood samples were collected from healthy UK volunteers and analysed for Prothrombin Time (PT), Activated Partial Thromboplastin Time (APTT), fibrinogen, and D-dimer amounts. Plasma was obtained by centrifugation (standard method) or by non-centrifugation where blood was left to separate over time. Non-centrifuged plasma was collected for comparison with Ebola virus-infected plasma samples collected without centrifugation. Each test was run in duplicate and both values are shown. For some centrifuged samples, multiple aliquots from the same donor were analysed on different occasions, each individual result is also shown. Mean and SEM (coloured lines and bars) are shown for each data set. Unpaired *t*-tests were performed to compare the results from the two collection methods.](viruses-11-00647-g001){#viruses-11-00647-f001}

![Changes in haemostasis parameters over time in Ebola virus-infected individuals. Mean values of Prothrombin Time (PT), Activated Partial Thromboplastin Time (APTT) (top row) and fibrinogen, and D-Dimer values (bottom row) from plasma samples collected without centrifugation from five patients are shown. Each time-point was tested in at least duplicate and mean plotted. Each patient is represented by a different colour and symbol and days of sampling post-symptom onset were different for each patient. Grey shaded area indicates the range of values for each test obtained from naïve 'normal' human donor samples also collected without centrifugation ([Figure 1](#viruses-11-00647-f001){ref-type="fig"}). Dashed line is the mean value from the un-centrifuged non-infected samples and the dotted line is the value of the un-centrifuged mean + 3 standard deviations (for fibrinogen---3 standard deviations also shown with a second dotted line). If data distribution is approximately normal, then 99.7 % lies within three standard deviations. One PT result and several D-dimer results were out of range and are plotted at the upper limit of the test and indicated as such for each data set.](viruses-11-00647-g002){#viruses-11-00647-f002}

viruses-11-00647-t001_Table 1

###### 

Select parameters for different tests and collection methods.

              PT (sec)      APTT (sec)        Fibrinogen (g/L)   D-Dimers (mg/L)                                                 
  ----------- ------------- ----------------- ------------------ ----------------- ------------- ----------------- ------------- -----------------
              Centrifuged   Not centrifuged   Centrifuged        Not centrifuged   Centrifuged   Not centrifuged   Centrifuged   Not centrifuged
  Mean (SD)   11.0 (0.57)   11.0 (0.35)       26 (2.7)           26 (3.1)          2.7 (0.49)    2.7 (0.30)        0.62 (0.34)   1.9 (0.95)
  Median      11.0          10.0              26                 25                2.6           2.7               0.55          1.6
  Range       11.0--13.0    9.6--12.0         19--36             20--36            2.3--3.9      2.0--3.6          0.9--1.6      0.9--4.4

SD = Standard Deviation.

viruses-11-00647-t002_Table 2

###### 

Details of Patients and samples available for this study.

  Patient ID   Gender   Age (Years)   Nationality         No. Days Between Symptoms and Sampling   Samples Available (Days Post Symptom Onset) ^1^   Diagnostic Ebola Virus PCR Ct Value at Admission   Outcome    Other Comments ^2^
  ------------ -------- ------------- ------------------- ---------------------------------------- ------------------------------------------------- -------------------------------------------------- ---------- ----------------------------------------------------------------------------------------------------------------------------------
  **1**        F        48            Sierra Leonean      7                                        Days 7--9                                         18.3                                               Died       HIV+, blood culture positive for E. coli. Given 4 × FFP day 8 and 2 × FFP, cryoprecipitate and pRBC day 9. Oozing from CVC day 9
  **2**        M        38            Sierra Leonean      7                                        Days 7--10                                        32.4                                               Survived   
  **3**        M        34            European/American   1                                        Days 1 & 2                                        24.4                                               Survived   
  **4**        F        26            European/American   3                                        Days 3 & 4                                        24.1                                               Survived   
  **5**        M        32            Sierra Leonean      4                                        Days 4, 6--8                                      Not available                                      Survived   Oozing from CVC day 6 and 7

^1^ Do not correlate to days post-infection ^2^ FFP: Fresh frozen plasma, pRBC: packed red blood cells, CVC: central venous catheter.
